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Wales, LL57 2AS, UK. Fax: +44 (0) 1248 38 2599.In a recent study (Fan, Z., & Harris, J. (2008). Perceived spatial displacement of motion-deﬁned contours in
peripheral vision. Vision Research, 48(28), 2793–2804), we demonstrated that virtual contours deﬁned by
two regions of dots moving in opposite directions were displaced perceptually in the direction of motion
of the dots in the more eccentric region when the contours were viewed in the right visual ﬁeld. Here, we
show that the magnitude and/or direction of these displacements varies in different quadrants of the
visual ﬁeld. When contours were presented in the lower visual ﬁeld, the direction of perceived contour
displacement was consistent with that when both contours were presented in the right visual ﬁeld. How-
ever, this illusory motion-induced spatial displacement disappeared when both contours were presented
in the upper visual ﬁeld. Also, perceived contour displacement in the direction of the more eccentric dots
was larger in the right than in the left visual ﬁeld, perhaps because of a hemispheric asymmetry in atten-
tional allocation. Quadrant-based analyses suggest that the pattern of results arises from opposite direc-
tions of perceived contour displacement in the upper-left and lower-right visual quadrants, which
depend on the relative strengths of two effects: a greater sensitivity to centripetal motion, and an asym-
metry in the allocation of spatial attention.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
In a recent paper (Fan & Harris, 2008), we demonstrated a new
type of motion-induced spatial displacement in peripheral vision.
When viewed in the right visual ﬁeld, virtual contours deﬁned by
two regions of dots moving in opposite directions (diverging or
converging patterns), were displaced perceptually in the direction
of motion of the dots in the more eccentric region. Thus the loca-
tion of a boundary deﬁned by a diverging pattern is perceived as
more eccentric, and that deﬁned by a converging pattern as less
eccentric (see schematic representation in Fig. 1). This adds to
the evidence on motion-induced spatial displacement (De Valois
& De Valois, 1991; Fu, Shen, & Dan, 2001; Fu, Shen, Gao, & Dan,
2004; Kanai, Sheth, & Shimojo, 2004; Kerzel & Jordan, 2001; Kirs-
chfeld, 2006; Nishida & Johnston, 1999; Ramachandran & Anstis,
1990; Snowden, 1998; Whitney & Cavanagh, 2000; Whitney
et al., 2003), by showing that such displacements do not occur only
at the edge of a window containing stimuli in unidirectional
motion.ll rights reserved.
, j.p.harris@reading.ac.uk (J.
niversity, Bangor, Gwynedd,The nature of the spatial displacements is that a region in cen-
tripetal motion (e.g. the less eccentric part of a diverging pattern) is
perceptually expanded into that containing centrifugal motion (e.g.
the more eccentric region of a diverging pattern). Thus, a contour
deﬁned by a diverging pattern is perceived as more eccentric than
one deﬁned by a converging pattern. We suggested that the dis-
placements are related to the greater sensitivity to centripetal mo-
tion in human peripheral vision (Edwards & Badcock, 1993;
Raymond, 1994; Scott, Lavender, McWhirt, & Powell, 1966). A pos-
sible explanation for the displacements is suggested in General
discussion.
At least two discussion previous studies Edwards and Badcock
(1993) and Raymond (1994) suggested that a centripetal bias is
found only in the lower visual ﬁeld. For example, by using small,
brief, patterns of randomly positioned dots translating in the
frontoparallel plane, Raymond (1994) found small but signiﬁcant
increases (about 0.1 log units) in sensitivity to centripetal motion
in the lower but not in the upper visual ﬁeld. This ﬁnding was con-
sistent with that of Edwards and Badcock for more complex stim-
uli, namely a greater sensitivity to radially contracting patterns
than to radially expanding patterns, an effect which was absent
in the upper visual ﬁeld (Edwards & Badcock, 1993).
In our previous study, the stimuli were always presented in the
right visual ﬁeld. If our hypothesis based on a centripetal bias is
correct, we predict a contour displacement in the direction of the
Fig. 1. Left panel: schematic representation of the stimuli in Condition 1 of Experiment 1. Both motion-deﬁned contours are presented in the lower visual ﬁeld. Short white
vertical lines (not present in the experimental displays) show the direction of the trajectories of the moving dots (dots are shown at the start of their trajectory). The white
horizontal line (not present in the experimental displays) indicates the positions of motion-deﬁned contours in the diverging (left display) dot ﬁelds, and converging (right
display) dot ﬁelds. This is also an example of Condition 1a, with the left and right sides of the display exchanged for Condition 1b. Right panel: schematic representation of the
perceived positions (indicated by the horizontal white lines, which did not appear in the experimental displays) of motion-deﬁned contours in Condition 1a of Experiment 1.
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presented in the lower visual ﬁeld. However, when presented in
the upper visual ﬁeld, because of the lack of centripetal bias dem-
onstrated by others, we expect the displacement to be reduced or
absent.
Previous research has also shown different patterns of motion-
induced spatial displacement in the left and right visual ﬁelds, sug-
gesting a difference between the hemispheres. When a stationary
object is ﬂashed at the same time as a moving object arrives at
the same retinal location, the stationary object appears to lag be-
hind the moving object. This ﬂash-lag effect is larger in the left
and upper visual ﬁelds relative to the right and lower visual ﬁelds,
respectively (Kanai et al., 2004).
We carried out three experiments to explore possible anisotro-
pies in different regions of the visual ﬁeld of the perceived dis-
placement of contours deﬁned by different directions of motion.
Experiments 1 and 2 looked for anisotropies across the horizontal
and vertical meridians of the visual ﬁeld, respectively. In Experi-
ment 3, we investigated how the perceived spatial displacements
varied within individual quadrants of the visual ﬁeld.
2. Experiment 1: a lower visual hemiﬁeld bias for vertical
motion
2.1. Introduction
There were two conditions in the main experiment. In Condi-
tion 1, two virtual contours, deﬁned by a converging and a diverg-
ing pattern respectively, were presented in the lower visual ﬁeld.
In Condition 2, two contours were presented in the upper visual
ﬁeld, at the same distance from the central ﬁxation point as in Con-
dition 1. The aim of the main experiment was to determine
whether the patterns of perceived spatial displacement of the con-
tours are similar in the upper and lower visual ﬁelds.
In the main experiment, the two contours to be compared were
deﬁned by different types of motions (converging and diverging).
To be sure that any differences in perceived displacement were
due to differences in type of motion, we also included four extra
control conditions. In the ﬁrst two control conditions, the two con-
tours were both deﬁned by either diverging patterns (referred to as
Condition 3) or converging patterns (Condition 5) and appeared inthe lower visual hemiﬁeld (as did the stimuli in Condition 1). In the
other two control conditions, the two contours were also deﬁned
by either two diverging patterns (Condition 4) or two converging
patterns (Condition 6) but appeared in the upper visual hemiﬁeld
(as did the stimuli in Condition 2). Our prediction is that any per-
ceived spatial displacements in Condition 1 or Condition 2 will not
be found in the corresponding control conditions, if those effects
do not arise from the differences between diverging and converg-
ing motion.
2.2. Methods
2.2.1. Participants
A total of 11 right-handed observers, eight females and three
males, aged from 19 to 37, took part in the main experiment.
One of the 11 observers was the ﬁrst author Z.F. All other observers
were university students, naïve to the aim of this research, and
were paid for their participation. All observers had normal or cor-
rected to normal vision, with no history of visual disorders. This
and subsequently reported experiments had been approved by
the University of Reading Research Ethics Committee, and observ-
ers gave their informed consent to participate.
2.2.2. Apparatus
The participant was seated in a room which was dark except for
the display. The displays in this experiment were programmed in
MATLAB (Mathworks Inc.) and Psychophysics Toolbox (Brainard,
1997; Pelli, 1997), at a spatial resolution of 1024  768 pixels
and were displayed on an IIYAMAMS103DT colour monitor, driven
by a NVIDIA GeForce FX 5200 Graphics Adapter. Observers’ re-
sponses were recorded via a keyboard connected to the PC. The
viewing distance between the centre of the screen and the mid-
point of the observer’s eyes was 72 cm. The position of the obser-
ver’s head was held constant by a chin rest.
2.2.3. Stimuli
2.2.3.1. Conditions 1, 3 and 5. Stimuli were presented within a rect-
angle subtending 8.2 deg wide 10 deg high, surrounded by a dark
area of screen with a luminance of <1 cd/m2. The stimuli were ran-
dom-dot kinematograms in which the vertical dot trajectories de-
ﬁned two global moving patterns, one converging, the other
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tion (allocated randomly on successive presentations within a
run to avoid selective adaptation to a particular direction of mo-
tion) within the presentation area (see Fig. 1, left panel). Data were
analysed separately for the condition in which the diverging pat-
tern appeared on the left, and the converging on the right (Condi-
tion 1a), and that in which the positions of the two types of motion
was reversed (Condition 1b). Both the left and right moving pat-
terns were presented within a window 2.5 deg wide 7.0 deg high.
The luminances of the background in the rectangular presentation
area and that of the dots were 3.75 cd/m2 and 80 cd/m2 respec-
tively (measured with a Minolta CS-100 Chromameter photome-
ter). The dots were square (sides 0.12 deg, four display pixels)
and moved vertically at a constant velocity of 9.2 deg/s. Each stim-
ulus presentation contained 20 frames of dot pattern with no inter-
frame interval, resulting in a total duration of 200 ms, at the mon-
itor refresh rate of 100 Hz. The average dot density of each pattern
was 21 dots/deg2. Each movie sequence was generated off-line and
stored in memory to be displayed at the appropriate time. A con-
ventional wrap-around scheme was used, so that dots moving
out of the display aperture were recreated on the other side of
the translating pattern. The ﬁxation point fell in the centre of the
presentation area, so that both motion-deﬁned contours appeared
in the lower visual hemiﬁeld. The vertical distance between the
centre of the ﬁxation point was 0.4 deg from the upper border
and 7.4 deg from the lower border of both moving patterns. The in-
ner and outer borders of each pattern were separated horizontally
by 1.6 deg and 4.1 deg respectively from the ﬁxation point, so that
the horizontal distance between the right border of the left pattern
and the left border of the right pattern was always 3.2 deg. In the
control experiments corresponding to Condition 1, both contours
were deﬁned either by two diverging patterns (Condition 3) or
two converging patterns (Condition 5) and appeared in the lower
visual hemiﬁeld.
2.2.3.2. Conditions 2, 4 and 6. In Condition 2 of the main experi-
ment, the stimuli were vertically mirrored images of those in Con-
dition 1, so that the motion-deﬁned contours of both the target and
reference patterns (one converging and another diverging) ap-
peared in the upper visual hemiﬁeld. As for Condition 1, data from
Condition 2 were analysed separately for the case where diverging
motion was on the left and converging motion on the right (Condi-
tion 2a), and that in which the positions of the converging and
diverging motions were reversed (Condition 2b). In the control
conditions corresponding to Condition 2, both contours were de-
ﬁned either by two diverging patterns (Condition 4) or two con-
verging patterns (Condition 6) and appeared in the upper visual
hemiﬁeld.
2.2.4. Design
A single interval, forced-choice procedure was used to measure
the perceived spatial displacement between a target contour and a
reference contour. In Conditions 1 and 2, the target contour was al-
ways deﬁned by diverging motion with the reference contour de-
ﬁned by converging motion. In control Conditions 3 and 4, the
target and the reference contour were both deﬁned by diverging
motion, and in control Conditions 5 and 6, both contours were de-
ﬁned by converging motion. For each individual condition (Condi-
tions 1a, 1b, 3, 5, 2a, 2b, 4 and 6), a within-participants design was
used with a method of constant stimuli. The vertical distance be-
tween the ﬁxation point and the target contour was always
3.9 deg. The physical offset between the reference contour and
the target contour, which could take one of seven possible values,
0 deg, ±0.25 deg, ±0.75 deg, and ±1.25 deg above or below the tar-
get contour. Each physical offset level was presented 20 times,
resulting in a total of 1120 trials per participant (140 trials for eachindividual condition of Conditions 1a, 1b, 3, 5, 2a, 2b, 4 and 6). Pre-
sentations in the main experiment and control conditions were
randomly mixed, and the total experiment was divided into 16
sub-sessions (eight for the upper visual ﬁeld conditions and eight
for the lower visual ﬁeld conditions with order counterbalanced
across participants). Each sub-session contained 70 trials, with a
rest period of 1 min between sub-sessions. The whole experiment
took about 60 min.
2.2.5. Procedure
Viewing was binocular through natural pupils. The observer ini-
tiated the experiment by pressing a key. A red ﬁxation point (ra-
dius 0.3 deg) appeared in the centre of the screen for most of the
trial duration. Observers were instructed to ﬁxate that point
throughout the experiment. At the beginning of each trial, a yellow
cueing arrow was presented for 500 ms in the same location as the
red ﬁxation point, to act as a warning signal, and was then replaced
by the red ﬁxation point. The direction of the cueing arrow indi-
cated in which hemiﬁeld the stimuli would be presented. After a
300 ms blank interval, the two moving patterns were displayed,
with the last frame remaining static on the screen. The observers’
task was to discriminate which motion-deﬁned contour, in the left
or right pattern, seemed closer to the red ﬁxation point along the
vertical dimension, and to signal this by pressing the appropriate
key on the computer keyboard. The observer’s response cleared
the screen (including the ﬁxation point), and elicited the next trial
after an inter-trial interval of 1 s. Before the formal test, observers
were given a set of 20 practice trials with feedback. In the formal
experiments, no feedback was provided.
2.3. Results
2.3.1. Displacement in the lower hemiﬁeld
A cumulative normal psychometric function was ﬁtted to the
raw data of each observer and the 50% points (PSEs) found. Since
the physical position of the target contour was always ﬁxed, the
PSE for the target contour deﬁned by the converging pattern repre-
sents how much shift is needed for the reference contour deﬁned
by the diverging pattern to null the perceived displacement be-
tween target and reference contours when they are actually in
the same physical position. The PSE was thus a measurement of
the perceived spatial displacement between the target contour
and the reference contour. For the main experiment, the positive
values (see Fig. 2) mean that the contour deﬁned by converging
motion is perceived as closer to the ﬁxation point than that of
the contour deﬁned by diverging motion, i.e. a shift in the direction
of the dots in the more eccentric region, while negative values
mean that the contour deﬁned by diverging motion seems closer
than that deﬁned by converging motion, i.e. a shift in the direction
of the dots in the less eccentric ﬁeld. In the left group of bars in
Fig. 2, the three hatched bars on the left show that the overall mean
perceived displacement in Condition 1 (bar with vertical hatching),
Condition 1a (bar with forward slash hatching) and Condition 1b
(bar with backward slash hatching), is in the direction correspond-
ing to the motion of the dots in the more eccentric region of the
pattern. Thus, in the lower visual hemiﬁeld, a contour deﬁned by
a peripherally viewed diverging pattern appears to be further away
from the ﬁxation point than one deﬁned by a converging pattern
(see Fig. 1, right panel, for a representation of the effect). One sam-
ple t-tests showed that this perceived displacement was signiﬁ-
cantly different from zero for Condition 1a (t(10) = 5.125,
p < 0.0001), Condition 1b (t(10) = 5.402, p < 0.0001) and combined
Condition 1 (t(10) = 6.686, p < 0.0001). The data from the control
experiments corresponding to Condition 1 are also plotted in the
same ﬁgure along the main experiment (two right hand bars in
the left group of bars). For these control conditions, a positive value
Fig. 2. Mean perceived displacements of motion-deﬁned contours in the lower and
upper hemiﬁelds in Experiment 1. The bars with vertical hatching show data for
Conditions 1 (lower hemiﬁeld) and 2 (upper hemiﬁeld). The bars with forward slash
hatching represent Conditions 1a and 2a (when the contour deﬁned by divergence
is on the left of the display). The bars with backward slash hatching represent
Conditions 1b and 2b (when the contour deﬁned by divergence is on the right). The
dark grey bars (two contours deﬁned by divergence) and the black bars (two
contours deﬁned by convergence) show displacements between identical contours
in the control conditions. From left to right, the bars correspond to Conditions 1, 1a,
1b, 3 and 5 (lower hemiﬁeld), and Conditions 2, 2a, 2b, 4 and 6 (upper hemiﬁeld).
For the main experiment (3 left hand bars in each group) positive values of the y-
axis show that a contour deﬁned by convergence is perceived as closer to the
ﬁxation point than a physically aligned contour deﬁned by divergence. For the
control conditions (2 right hand bars in each group), positive values of the y-axis
show that a contour in the left visual ﬁeld is perceived as closer to the ﬁxation point
than a contour of the same type in the right visual ﬁeld. Vertical bars represent 95%
conﬁdence intervals.
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closer to the ﬁxation point than an identical contour on the right.
One sample t-tests showed that perceived displacement was not
signiﬁcantly different from zero in the control experiments, when
both contours were deﬁned by either two diverging patterns (dark
grey bar: t(10) = 0.689, p = 0.507) or two converging patterns
(black bar: t(10) = 0.835, p = 0.423).
2.3.2. Displacement in the upper hemiﬁeld
The data were analysed as in Condition 1 and are presented in
the right hand group of bars of Fig. 2. One sample t-tests showed
that perceived displacements were not signiﬁcantly different from
zero when a diverging contour and a converging contour were pre-
sented in the upper visual ﬁeld for Condition 2a (bar with forward
slash hatching: t(10) = 0.941, p = 0.369), Condition 2b (bar with
backward slash hatching: t(10) = 1.656, p = 0.129) and combined
Condition 2 (bar with vertical hatching: t(10) = 0.369, p = 0.72).
As found for the lower visual ﬁeld, perceived displacements were
not signiﬁcantly different from zero in the control experiments
when either two diverging contours (dark grey bar: t(10) = 2.082,
p = 0.064) or two converging contours (black bar: t(10) = 1.156,
p = 0.275) were presented in the upper visual ﬁeld.
2.3.3. Hemiﬁeld difference: the lower vs. upper visual ﬁeld
A further paired sample t-test showed that the difference in
perceived displacements between the upper and lower hemiﬁelds
was signiﬁcant (t(10) = 5.101, p < 0.001) for the main experiment
in which contours deﬁned by convergence and divergence were
compared (mean difference = 0.38 deg). No such effect was found
in the control experiment for either two diverging contours
(t(10) < 1, p = 0.406) or two converging contours (t(10) < 1,
p = 0.516).2.4. Discussion
In our previous study (Fan & Harris, 2008), we described this
type of contour displacement as a perceived expansion of a region
in which dots are in centripetal motion. In Condition 1, when both
target and reference contours were presented in the lower visual
ﬁeld, a perceived contour displacement in the direction consistent
with the apparent expansion of the region in centripetal motion
was observed. However, in Condition 2, when both motion-deﬁned
contours were presented in the upper visual ﬁeld, no such dis-
placement as found. This is consistent with Raymond’s ﬁnding
(1994) that a centripetal bias for translation was present only in
the lower visual hemiﬁeld, and the similar result of Edwards and
Badcock (1993) for expansion and contraction. Since, in the control
conditions, we found only non-signiﬁcant perceived shifts between
two identical contours presented in the same conditions, we con-
clude that the perceived displacements in the main experiment
do indeed result from differences in the perception of contours de-
ﬁned by convergence and by divergence.
It is interesting that no signiﬁcant contour displacement was
found in the upper visual ﬁeld while the magnitude of perceived
contour displacement is about 0.4 deg in the lower visual ﬁeld. This
seems to suggest that the upper visual ﬁeld is more immune to
mis-localisation of contours deﬁned by motion than is the lower
visual ﬁeld. This ﬁnding is consistent with our earlier proposal that
the detection of this type of motion-deﬁned contour is likely to be
a local process (Fan & Harris, 2008). Other work from different ap-
proaches has demonstrated an upper visual ﬁeld advantage in
tasks requiring the discrimination of ﬁne detail and local process-
ing, such as local feature detection (Christman, 1993), word recog-
nition (Goldstein & Babkoff, 2001) and stationary line size
judgment (Fukusima & Faubert, 2001).
In Condition 1 of Experiment 1, the directions of the perceived
contour displacement in the lower hemiﬁeld were the same as in
our earlier study (Fan & Harris, 2008), in which both motion-de-
ﬁned contours were presented in the right hemiﬁeld. This raises
the question of how displacements in the left visual ﬁeld compare
with those in the right visual ﬁeld, an issue examined directly in
Experiment 2.3. Experiment 2: hemispheric asymmetry – left vs. right visual
ﬁelds
3.1. Introduction
In our earlier study, we found that the perceived location of a
contour deﬁned by a diverging pattern shifted away from the cen-
tral ﬁxation point relative to that of a contour deﬁned by a con-
verging pattern, when both contours were presented in the right
visual ﬁeld. Since motion-induced position displacement in the
ﬂash-lag effect may be anisotropic between the left and right visual
ﬁelds (Kanai et al., 2004), it is interesting to ask whether a similar
anisotropy exists in our tasks. In Experiment 2, the same methods
and stimuli were used as in Experiment 1, but motion-deﬁned con-
tours were presented in the right visual ﬁeld (Condition 1) for com-
parison with when both contours appeared on the left visual ﬁeld
(Condition 2). Data were analysed separately for the condition in
which the diverging pattern appeared in the upper visual ﬁeld,
and the converging in the lower (Conditions 1a and 2a), and that
in which the positions of the two types of motion was reversed
(Conditions 1b and 2b). As in Experiment 1, four extra control con-
ditions were also included. For the control experiments of Condi-
tion 1, both contours were deﬁned either by two diverging
patterns (Condition 3) or two converging patterns (Condition 5)
and appeared in the right visual hemiﬁeld. Correspondingly, in
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ﬁned either by two diverging patterns (Condition 4) or two con-
verging patterns (Condition 6) and appeared in the left visual
hemiﬁeld.
3.2. Method
3.2.1. Participants
Eleven right-handed observers, six females and ﬁve males, aged
from 19 to 37, drawn from the same population as before, took part
in the experiment, and were paid for their participation.
3.2.2. Apparatus and stimuli
The apparatus was the same as in Experiment 1. The stimuli in
Condition 1 of this experiment were exactly the same as in Condi-
tion 1 of Experiment 1 except that they were rotated anticlockwise
90 deg, so that the motion-deﬁned contours were vertical and pre-
sented in the right visual hemiﬁeld (see example in Fig. 3), and the
cueing arrow pointed to the left or right, depending on the hemi-
ﬁeld in which the stimuli were to appear.
3.2.3. Design and procedure
The design was the same as in Experiment 1. The procedure was
the same as in Experiment 1, except that the task was to discrim-
inate which motion-deﬁned contour, in the upper or lower pattern,
appeared closer to the red ﬁxation point along the horizontal
dimension.
3.3. Results
3.3.1. Displacement in the right hemiﬁeld
The data were analysed as in Experiment 1. In Fig. 4, the left
group of bars show the mean perceived contour displacement in
the right hemiﬁeld. One sample t-tests showed that, averaged over
Conditions 1a and 1b, the contour deﬁned by divergence was per-
ceived as further away from the ﬁxation point than that deﬁned by
convergence when both contours were presented in the right
hemiﬁeld (bar with vertical hatching: t(10) = 4.619, p < 0.002). This
effect is highly signiﬁcant in Condition 1a (bar with forward slash
hatching: t(10) = 3.282, p < 0.009) when the contour deﬁned by
divergence was in the upper visual ﬁeld and that deﬁned by con-
vergence in the lower, but did not reach signiﬁcance in Condition
1b (bar with backward slash hatching: t(10) = 1.605, p = 0.14)
when the contour deﬁned by divergence was in the lower visual
ﬁeld. In the control experiment, no signiﬁcant displacements wereFig. 3. Schematic representation of the stimuli in Condition 1 of Experiment 2. Both
motion-deﬁned contours (deﬁned by divergence, upper display and by conver-
gence, lower display) were presented in the right visual ﬁeld. This is also an
example of Condition 1a: the upper and lower displays were exchanged for
Condition 1b. In Condition 2, the stimuli were mirror reversed horizontally, so that
both motion-deﬁned contours appeared in the left visual ﬁeld. The other details are
the same as in Fig. 1.found for identical contours deﬁned either by diverging patterns
(dark grey bar: t(10) < 1, p = 0.288) or converging patterns (black
bar: t(10) < 1, p = 0.119), presented in the right hemiﬁeld.3.3.2. Displacement in the left hemiﬁeld
In Fig. 4, the group of bars on the right shows the mean contour
displacements in the left hemiﬁeld. Unlike that in the right hemi-
ﬁeld, the overall perceived displacement between the contour de-
ﬁned by divergence and that deﬁned by convergence did not reach
signiﬁcance (t(10) = 2.093, p = 0.063). However, the contour de-
ﬁned by divergence was perceived as signiﬁcantly further away
from the ﬁxation point than that deﬁned by convergence when
the former was in the upper visual ﬁeld and the latter in the lower
visual ﬁeld (Condition 2a: t(10) = 3.736, p < 0.005), but not when
the contour deﬁned by divergence was in the lower visual ﬁeld
(Condition 2b: t(10) < 1, p = 0.861). As for the right visual ﬁeld,
no signiﬁcant perceived displacements were found for two identi-
cal contours, whether deﬁned by divergence (t(10) < 1, p = 0.140)
or by convergence (t(10) < 1, p = 0.224) when presented in the left
hemiﬁeld.3.3.3. Hemiﬁeld difference: right vs. left visual ﬁelds
A further paired sample t-test showed that the difference in
perceived displacements between the right and left hemiﬁelds
was signiﬁcant (t(10) = 2.63, p < 0.026) for contours deﬁned by dif-
ferent types of motion in the main experiment (mean differ-
ence = 0.16 deg), with the larger displacements found in the right
hemiﬁeld. No such effect was found in the control experiment,
for pairs of contours deﬁned either by divergence (t(10) < 1,
p = 0.716) or by convergence (t(10) < 1, p = 0.746).Fig. 4. Mean perceived displacements of motion-deﬁned contours in the right and
left hemiﬁelds in Experiment 2. The bars with vertical hatching represent
Conditions 1 (right hemiﬁeld) and 2 (left hemiﬁeld). The bars with forward slash
hatching represent Conditions 1a and 2a (when the contour deﬁned by divergence
is in the upper visual ﬁeld). The bars with backward slash hatching represent
Conditions 1b and 2b (when the contour deﬁned by divergence is in the lower
visual ﬁeld). The dark grey bars (two contours deﬁned by divergence) and the black
bars (two contours deﬁned by convergence) show displacements between identical
contours in the control conditions. For the main experiment (three left hand bars in
each group) positive values of the y-axis show that a contour deﬁned by
convergence is perceived as closer to the ﬁxation point than a physically aligned
contour deﬁned by divergence. For the control conditions (two right hand bars in
each group), positive values of the y-axis show that a contour in the upper visual
ﬁeld is perceived as closer to the ﬁxation point than a contour of the same type in
the lower visual ﬁeld. The other details are as in Fig. 2.
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The comparison of the left and right visual ﬁelds produced a dif-
ferent pattern of results from the comparison of the upper and
lower visual ﬁelds. There was a clear contour displacement, when
a divergence-deﬁned and a convergence-deﬁned contour were pre-
sented in the right visual hemiﬁeld, in the same direction as when
they were presented in the lower visual ﬁeld. This displacement is
in the direction suggested by the centripetal bias hypothesis. There
was no signiﬁcant perceived displacement in the upper visual ﬁeld
in Experiment 1, whether the divergence-deﬁned contour was pre-
sented on the left or on the right. However, when both contours
were presented in the left visual ﬁeld, we did ﬁnd a signiﬁcant per-
ceived displacement in one of the two sub-conditions (when the
divergence-deﬁned contour was in the upper visual ﬁeld), though
averaged across the two sub-conditions the displacement was
not signiﬁcant. The comparison of the left and right visual ﬁelds
suggests a smaller illusory displacement in the left hemiﬁeld (cor-
responding to the right hemisphere) relative to the right hemiﬁeld
(corresponding to the left hemisphere). The underlying mechanism
of this right hemisphere advantage in spatial discrimination may
be the dominance of the right hemisphere in the allocation of spa-
tial attention (Heilman & Van Den Abell, 1980), an issue taken up
more fully in General discussion. The absence of signiﬁcant dis-
placements in the control experiment again suggested that the ba-
sic effect is due to the difference between converging and
diverging motion.4. Experiment 3: quadrant-based analysis with diagonal motion
4.1. Introduction
To explain the differences in perceived contour displacement
between the upper and lower visual ﬁelds found in Experiment
1, we invoked the centripetal bias in motion perception found by
others (e.g. Raymond, 1994). In Experiments 1 and 2 the stimuli
were either horizontally or vertically translating dots. Because of
the nature of the display (one strip of translating dots above, and
one below the ﬁxation point), there were no dots within the strip
in purely centrifugal or centripetal motion, but rather a range of
directions of motion relative to the ﬁxation point, of which the ma-
jor components were centrifugal or centripetal. This mixture of
motion components means that our explanation based on centrip-
etal bias is questionable. Thus, in Experiment 3, the dots were in
diagonal motion (45 deg to the left or right of the vertical merid-
ian) and lay within a narrow (2.5 deg wide) rectangular strip. This
maximizes the centrifugal/centripetal motion components, and
minimizes motion components in other directions, and so should
provide more direct support for an explanation based on a centrip-
etal bias.
Several studies (Levinson & Sekuler, 1975; Mather, 1980; Ray-
mond, 1994) have suggested that humans may have different sen-
sitivities to horizontal and vertical motion. For example, Levinson
and Sekuler (1975) found greater contrast sensitivity for dot pat-
terns moving along the horizontal than along the vertical axis.
The duration of the motion aftereffect is longer if the inducing mo-
tion is vertical rather than horizontal (Mather, 1980). Similarly,
Raymond (1994) demonstrated that motion coherence thresholds
were signiﬁcantly higher for vertical than for horizontal motion.
Collectively, all these results suggest that it may not be appropriate
to compare directly the perceived displacement of contours de-
ﬁned by horizontal motion (Experiment 1) and by vertical motion
(Experiment 2). The adoption of diagonal motion obviates this po-
tential difﬁculty.In Experiments 1 and 2, although the motion-deﬁned contours
to be compared always fell within the same hemiﬁeld (in Experi-
ment 1, upper or lower, in Experiment 2, left or right), they were
presented simultaneously in different quadrants. In Experiment
3, the converging and diverging patterns were presented in the
same location within a quadrant in different time intervals. The
aim of this manipulation was to investigate whether the extent
and direction of perceived spatial displacement varied with visual
quadrant.
4.2. Method
4.2.1. Participants
Sixteen right-handed observers, nine females and seven males,
aged from 20 to 36, took part in the experiment, and were paid for
their participation.
4.2.2. Apparatus and stimuli
The apparatus was the same as in Experiments 1 and 2. The
stimuli were the same as in Experiments 1 and 2, except that only
one strip of moving dots was presented on the display with its ori-
entation rotated at 45 deg from the left or right of the vertical
meridian. The imaginary midline of the strip passed through the
ﬁxation point (see Fig. 5). The stimulus patterns, with their nearer
ends just touching the ﬁxation point, were presented in one of the
four visual quadrants.
4.2.3. Design and procedure
A two-interval, forced-choice procedure was used to measure
the perceived spatial displacement between a contour deﬁned by
a diverging pattern and a one deﬁned by a converging pattern.
On each trial, one interval always contained a contour deﬁned by
a diverging pattern at a constant eccentricity of 3.9 deg from the
ﬁxation point. In the other interval, a contour deﬁned by a converg-
ing pattern was presented at an eccentricity of one of seven possi-
ble values, 0 deg, ±0.5 deg, ±1.00 deg, and ±2.00 deg, relative to the
location of the other motion-deﬁned contour. The interval contain-
ing the contour deﬁned by divergence on any particular trial was
randomly chosen. The task was to indicate which interval con-
tained a motion-deﬁned contour that was closer to the ﬁxation
point by pressing one of two response keys. The motion-deﬁned
contours were each presented for 200 ms. The last frame of the ﬁrst
pattern was displayed for 100 ms, then automatically changed into
the ﬁrst frame of the second pattern. Thus there was no sudden
change between the ﬁrst and the second pattern. The 100 ms sta-
tionary interval was selected because a recent study (Sligte, Schol-
te, & Lamme, 2008) has suggested that this duration can avoid the
masking effect of the second pattern on the ﬁrst, while minimizing
the decay of memory for the spatial location of the ﬁrst contour. No
participant reported problems in remembering the location of the
ﬁrst contour or any masking effects, when asked at the end of the
experiment. In each of the four experimental sessions, motion-de-
ﬁned contours were presented in one of the four visual quadrants.
The order of these four experimental sessions was counterbalanced
across participants.
4.3. Results
As in Experiments 1 and 2, a psychometric function was ﬁtted
to the raw data of each individual observer, to estimate the per-
ceived displacement between the contours in each quadrant. The
overall mean perceived spatial displacements in each quadrant
are illustrated in Fig. 6. A 2 (horizontal position: left vs. right visual
ﬁeld)  2 (vertical position: upper vs. lower visual ﬁeld) ANOVA
showed a signiﬁcant effect of horizontal position, such that the
mean displacement on the right side was signiﬁcantly larger than
Fig. 5. Schematic representations of a converging stimulus (left panel) and a diverging stimulus (right panel) in Experiment 3. In this example, both motion-deﬁned contours
were presented in the upper right visual quadrant. In the other three conditions, both motion-deﬁned contours were presented in either the upper left, the lower left or the
lower right quadrant. Dark grey diagonal lines (not present in the experimental display) in each panel indicate the position of the motion-deﬁned contour.
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icant main effect of vertical position (F(1, 15) = 1.75, p = 0.21), and
no signiﬁcant interaction between vertical and horizontal position
(F(1, 15) = 1.19, p = 0.29). Inspection of Fig. 6 suggests that there
were signiﬁcant differences between the shifts in the lower right
and upper left quadrants. Pairwise comparisons using the Bonfer-
roni correction showed that the perceived contour displacement
in the lower right quadrant was signiﬁcantly larger than that of
the upper left quadrant (p < 0.016; difference = 0.38 deg). No sig-
niﬁcant differences were found between any other pairs of
quadrants.
Further one sample t-tests showed that the perceived contour
displacement was signiﬁcantly larger than zero (0.22 deg) in the
lower right quadrant (t(15) = 2.757, p < 0.016). However, it was sig-
niﬁcantly less than zero in the upper left quadrant (t(15) = 2.473,
p < 0.027), with a difference of 0.16 deg. The perceived contour
displacement was not signiﬁcantly different from zero for the other
two visual quadrants, the upper right (t(15) < 1, p = 0.11) and the
lower left (t(15) < 1, p = 0.67).4.4. Discussion
Experiment 3 demonstrated that the perceived displacements
were in opposite directions in the lower right and the upper left
quadrants when the converging and diverging dots deﬁning the
contours were in diagonal motion. In the lower right quadrant,
the perceived contour displacement was in the direction consistent
with that of the movement of the dots in the region further from
ﬁxation. However, in the upper-left visual quadrant, the perceived
contour displacement was in the opposite direction, that is, consis-
tent with that of the movement of the dots in the region nearer to
ﬁxation. In the lower left quadrant, the shift was close to and not
signiﬁcantly different from zero. In the upper right quadrant, the
mean shift was about 0.2 deg, but the large variance meant that
it was not signiﬁcantly different from zero.
The tasks in Experiments 1 and 2 required the observer to com-
pare the positions of motion-deﬁned contours in two neighbouring
quadrants within a hemiﬁeld. Because of the potential difﬁculty,
noted earlier, that sensitivities to horizontal and to vertical motion
may be different, one might not expect to predict exactly the per-
ceived displacements in Experiments 1 and 2 (Figs. 2 and 4) from
those in Experiment 3 (Fig. 6). Other differences between the stud-
ies, such as presentation (stimuli spatially separated in adjacent
quadrants vs. superimposed within the same quadrant) also sug-
gest caution in making quantitative comparisons. Nevertheless, de-spite these potential difﬁculties, it is noteworthy that larger
displacements away from the ﬁxation point were found when
the observer’s comparison of quadrants included the lower right
quadrant (in which such a shift was found in Experiment 3) and
either the upper right (Experiment 2) or lower left (Experiment
1) quadrants, for which no signiﬁcant shifts were found in Experi-
ment 3. In contrast, when the comparison included the upper left
quadrant, for which a signiﬁcant shift towards the ﬁxation point
was found in Experiment 3, and either the lower left (Experiment
2) or upper right (Experiment 1), the overall shift was not signiﬁ-
cant. This suggests that the hemiﬁeld differences found in Experi-
ments 1 and 2 are consistent with the differences between
quadrants found in Experiment 3.5. General discussion
5.1. Anisotropy across the vertical and horizontal meridians
How might the pattern of results depicted in Figs. 2, 4 and 6 be
explained? We ﬁrst consider effects which might underlie the dif-
ferences shown in Figs. 2 and 4, between the upper and lower, and
between the left and right, visual ﬁelds, and then suggest how their
interactions might produce the quadrant effects shown in Fig. 6.
The results in Fig. 2 suggest that the precision of localisation of
contours deﬁned by opposite directions of motion is far worse in
the lower than in the upper visual ﬁeld. This ﬁnding is consistent
with Previc’s (1990) hypothesis of a difference of function between
the lower and upper visual ﬁelds, with the upper visual hemiﬁeld
preferentially processing distant information, and the lower visual
hemiﬁeld processing nearer information since most near elements
in the visual scene, such as ground texture, vehicles and living
creatures fall in the lower visual ﬁeld and their retinal images
move faster than those of distant objects falling in the upper visual
ﬁeld, it is reasonable that the lower visual ﬁeld is better at motion
processing in near space, while the upper visual ﬁeld is better at
spatial discrimination in far space. The idea of superior spatial
localisation in the upper visual ﬁeld is directly supported by evi-
dence from both psychophysical (Geldmacher & Heilman, 1994)
and brain imaging studies (Weiss et al., 2000), and can explain
the pattern of results in Fig. 2.
In our previous report (Fan & Harris, 2008), we suggested that
the type of motion-deﬁned contours studied here might be located
perceptually by the relative activity in neurons selective for differ-
ent directions of motion. Imagine two such neurons, one sensitive
to motion to the left, the other to motion to the right, separated
Fig. 6. Mean perceived displacements between a contour deﬁned by dots in
diverging motion and one deﬁned by dots in converging motion in each visual
quadrant (UR: upper right; UL: upper left; LL: lower left; LR: lower right) in
Experiment 3. Positive values of the y-axis show a displacement in the same
direction as the movement of the dots in the region of the pattern further from the
ﬁxation point, negative values displacements in the opposite direction. Vertical bars
represent 95% conﬁdence intervals.
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deﬁned contour located in the centre of the region of overlap
would produce equal activity in each motion-sensitive neuron.
Moving the contour to the left or right would increase the activity
in one neuron and reduce it in the other, so that the difference in
activity would be governed by the location of the contour. Our fur-
ther suggestion was that activity in the motion-sensitive neurons
might be governed not just by the location of the contour, but by
differences in sensitivity which were not taken into account in
the computation of location. In particular, neurons detecting cen-
tripetal motion may be more sensitive (as suggested by Raymond
(1994)), and so would produce greater output than those detecting
centrifugal motion. The perceptual consequence of this would be
the perceived expansion of a region in centripetal motion, both
at its leading edge (so that the contour deﬁned by a converging
pattern shifts in the direction of the dots on the less eccentric re-
gion) and also at its trailing edge (so that the contour deﬁned by
a diverging pattern shifts in the direction of the more eccentric
region).
Exactly how this asymmetry in motion perception contributes
to the perceived position of the motion-deﬁned contour is not
clear. Nishida and Johnston (1999) suggested that the perceived
mislocation of contours produced by the motion aftereffect re-
sulted from signals from V5/MT to V1 and V2. However, in their
study, the contours were deﬁned by luminance, rather than simply
by motion, as in the present experiments. A possible neural site for
the spatial shift is V3B (Smith, Greenlee, Singh, Kraemer, & Hennig,
1998), which is known to respond to contours deﬁned purely by
motion, as well as by other properties such as colour contrast
(Van Oostende, Sunaert, VanHecke, Marchal, & Orban, 1997; Zeki,
Perry, & Bartels, 2003). Inputs to V3B from V1 or V2 might embody
the different sensitivities to centripetal and centrifugal motion
which we have suggested.
In our earlier study, motion-deﬁned contours were presented
only in the right visual ﬁeld. The results of Experiment 1 are con-
sistent with other evidence that a centripetal bias in motion pro-
cessing is present only in the lower but not in the upper visual
ﬁeld. This centripetal bias has been explained by desensitization
to centrifugal motion produced by forward locomotion (Scott
et al., 1966), increased precision for centripetal hand movement(Edwards & Badcock, 1993) and advantages in ﬁgure/background
segmentation (Raymond, 1994). All these explanations support a
special role for the lower visual ﬁeld in motion processing, an idea
consistent with the proposal that the lower visual ﬁeld is over-rep-
resented within the dorsal pathway (Fioretto et al., 1995; Galletti,
Fattori, Kutz, & Gamberini, 1999; Maunsell & Van Essen, 1987; Por-
tin, Vanni, Virsu, & Hari, 1999), whereas the upper visual ﬁeld is
more strongly represented in the ventral pathway (Goodale & Mil-
ner, 1992; Ungerleider & Mishkin, 1982).
Experiment 2 showed that the pattern of displacements of mo-
tion-deﬁned contours was different across the vertical meridian of
the visual ﬁeld, with mis-localisations being larger in the right vi-
sual ﬁeld. We suggest that this result might be due to a bias in the
allocation of spatial attention towards the left visual ﬁeld, as sug-
gested by Heilman & Van Den Abell, 1980, and exempliﬁed by
the phenomenon of pseudo-neglect. The right hemisphere is supe-
rior to the left in processing ﬁne spatial detail, as in the discrimina-
tion and recognition of human faces (Bourne & Hole, 2006; Rhodes,
1985; Rossion et al., 2000), and appears to be superior in localising
motion-deﬁned contours, perhaps for similar reasons. Neuroimag-
ing work (Corbetta, Kincade, Ollinger, McAvoy, & Shulman, 2000)
has demonstrated that a particular sub-area in human right parie-
tal cortex (the right temporoparietal junction), plays an important
role in the dynamic allocation of spatial attention across two brain
hemispheres. We suggest that attention modulates the strength of
signals in the patterns deﬁning contours of the type studied here,
but that this modulation is not uniform. If we are to keep the cen-
tripetal bias hypothesis outlined above, the pattern of results in
Fig. 6 seems to require that, in this context, attention boosts cen-
trifugal signals more than centripetal signals, and so can lead to
perceptual expansion of regions in centrifugal motion, as outlined
below.
5.2. Summation and subtraction in different quadrants of the visual
ﬁeld
In Experiment 3, the largest reliable shift was found in the lower
right quadrant. This shift was in the direction predicted by the
hypothesis of centripetal bias (which is larger in the lower hemi-
ﬁeld), and we suggest that reduced attention to the right hemiﬁeld
would not counteract it by boosting centrifugal signals. The shift in
the upper right quadrant (in which centripetal bias is much re-
duced (Raymond, 1994), and we presume that attentional effects
are small), is not signiﬁcantly different from zero. One might ex-
pect a shift in the lower left quadrant in the direction predicted
by the centripetal bias hypothesis, but one which is reduced com-
pared with that in the lower right quadrant, depending on the
strength of attention to the left visual ﬁeld, which we hypothesise
will produce effects opposite to those of the centripetal bias. The
data show a small shift, not signiﬁcantly different from zero. The
aspect of the data which most strongly supports the idea that
attention may boost centrifugal signals comes from the ﬁndings
for the upper left quadrant. Here, centripetal bias is absent or weak,
but we suppose that the effects of attention boost centrifugal sig-
nals, giving a perceived contour shift in the opposite direction to
that in the lower right quadrant, where we suppose that centripe-
tal bias is strong, but the effects of attention are weak. This specu-
lative role for attention may enable the visual system to
compensate, at least in part, for the centripetal bias and so reduce
errors of localisation of motion-deﬁned contours in the lower vi-
sual ﬁeld.
5.3. Vision in natural scenes
The implications of the present study for the perception of real-
world scenes are not yet clear. However, it adds to the evidence
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colour or luminance differences, is absent or weak, motion infor-
mation about the location of edges is likely to be unreliable and
lead to mis-localisation, especially when the edge is unattended
and in particular regions of the visual ﬁeld. Our data also empha-
size that it is important to provide multiple sources of information
about the location of edges in visual displays.
5.4. Conclusions
In conclusion, we found that the perceived spatial displacement
of peripherally viewed contours deﬁned by dots in converging or
diverging motion is not isotropic in different regions of the visual
ﬁeld. Our data suggest that the displacements reﬂect two separable
spatial anisotropies, one of sensitivity to centripetal motion, the
other in the allocation of attention. These anisotropies appear to
make motion an unreliable source of information about the loca-
tion of contours in peripheral vision.
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